To determine the effects of lactic acidemia versus lactate on CBF, we infused lactic acid, either buff ered with NaOH (L + NaOH) or with added NaCI (L + NaCl), to attain similar osmolalities in 18 piglets. CBF (microsphere technique), pH, blood gases, plasma osmo lality, and cerebral arteriovenous differences of O2 con tent and lactic acid concentrations were measured prior to, at 30 min of a lactic acid infusion, and 15 and 90 min after completion of the infusion. Control arterial pH was comparable between groups (7.50 ± 0.02 vs. 7.49 ± 0.02, X ± SE); during and following L + NaCI and L + NaOH, values were (p < 0.05) 7.09 ± 0.03, 7.35 ± 0.02, and 7.46 ± 0.02 vs. 7.58 ± 0.03, 7.61 ± 0.01, and 7.57 ± Alterations in cerebral extracellular fluid (ECF) pH are considered to be a prominent regulator of cerebral vascular tone. Supportive evidence for this has been derived from investigations of vascular reactivity of pial vessels as well as the influence of alterations in the acid-base composition of cerebro spinal fluid (CSF) on cerebral blood flow (CBF). For example, Kontos et al. (1977) Abbreviations used: ECF, extracellular fluid; L + NaCl, infu sion of lactic acid plus NaCl; L + NaOH, infusion of lactic acid plus NaOH.
0.02, X ± SE); during and following L + NaCI and L + NaOH, values were (p < 0.05) 7.09 ± 0.03, 7.35 ± 0.02, and 7.46 ± 0.02 vs. 7.58 ± 0.03, 7.61 ± 0.01, and 7.57 ± Alterations in cerebral extracellular fluid (ECF) pH are considered to be a prominent regulator of cerebral vascular tone. Supportive evidence for this has been derived from investigations of vascular reactivity of pial vessels as well as the influence of alterations in the acid-base composition of cerebro spinal fluid (CSF) on cerebral blood flow (CBF). For example, Kontos et al. (1977) utilizing the pial window technique in adult cats demonstrated that pial vessel diameter is altered by ECF hydrogen ion concentration and is independent of changes in ECF Pco2 and bicarbonate ion concentration as long as hydrogen ion concentration remains con stant. Britton et al. (1979) derived similar conclu sions based upon ventriculocisternal perfusion studies in adult dogs with artificial CSF equili brated with 7% CO2 and containing either low, 0.03, respectively. PaC02 remained unchanged and os molality rose by 15% in both groups during infusions and persisted throughout the study period. For L + NaCl piglets, CBF (ml/min . 100 g) rose from 136 ± 15 to 198 ± 26 (p < 0.05) at 30 min of infusion and remained ele vated at 201 ± 25 and 207 ± 28 at 15 and 90 min fol lowing the infusion, respectively. Similarly, for L + NaOH piglets, CBF rose from 130 ± 25 to 196 ± 31 (p < 0.05) with the infusion and was 174 ± 17 and 166 ± 21 at 15 and 90 min afterward, respectively. Although lactic acid infusion increases CBF, the associated metabolic acidemia is not responsible for changes in CBF. Key Words: Cerebral blood flow-Lactic acid-pH.
normal, or high bicarbonate ion concentration. Consistent with these observations is the inverse relationship between CBF and arterial pH altered by changes in P aco2 tension in adult humans (Kety and Schmidt, 1948) , primates (Reivich, 1964) , dogs (Harper and Glass, 1965) , newborn lambs (Rosen berg et al., 1984) , and piglets . Rapid diffusion of CO2 across the blood-brain bar rier is thought to affect cerebral ECF pH and thereby mediate cerebral vascular resistance.
In c dntrast, alterations of arterial pH secondary to a metabolic origin have been associated with dis crepant effects on CBF. For example, systemic in fusions of lactic acid in newborn goats (Bucciarelli and Eitzman, 1979) resulted in increases of CBF, while infusions in newborn and adult dogs (Harper and Bell, 1963; Powell et al., 1985) had no effects on CBF. Additionally, intravenous infusion of NH4CI in adult humans has been reported to reduce CBF (Schieve and Wilson, 1953) . In most of these investigations no attempt was made to determine if the systemic infusions of acidic compounds altered other physiologic variables important for CBF reg ulation; e.g., infusions of lactic acid or NH4CI may alter osmolality, PaC02' cardiac output, hematocrit, and/or plasma concentration of electrolytes. There fore, to determine if the changes in arterial pH in duced by lactic acid, but independent of these other variables, alter eBF, we studied two groups of piglets that were exposed to infusions of lactic acid of differing pH while we maintained changes in blood gases, osmolality, and infused volume the same.
METHODS
Twenty-three miniature swine, weighing 1.58 ± 0.08 (mean ± SEM) kg, were studied at 8 ± 1 days following birth. Pregnant sows were housed and farrowed in the Animal Resource Center of the University of Texas Health Science Center at Dallas. Newborns remained with the sow until the morning of the study at which time one piglet was removed from the litter. Ketamine was ad ministered as premedication (5 mg/kg i.m.), the neck skin was infiltrated with 1% Xylocaine, and after tracheos tomy each animal was ventilated (Harvard Apparatus ro dent respirator, model 680) with 70% NzO and 30% O2, After infiltration of appropriate skin sites with 1 % Xylo caine, catheters were placed in the left ventricle (via the left common carotid artery), abdominal aorta (via the left femoral artery), inferior vena cava (via the left femoral vein), left axillary artery, and sagittal sinus following cre ation of a l-cm burr hole. All catheters were secured to the piglet's back, and the NzO was changed to Nz, al lowing the animal to wean from the respirator over 60 min. Once awake and spontaneously respiring, the piglet was placed in a wooden box containing an inlet port for inspired gases and multiple small holes for adequate ven tilation. Catheters were exteriorized to the outside of the box through a 1.5-in flexible plastic tubing that was se cured at one end to the animal's back. The box was cov ered to maintain a dim environment and each piglet was allowed to stabilize for 120 min while breathing 30% O2, Thus, studies were performed on unrestrained, con scious, and spontaneously breathing piglets.
A control period of 30 min followed stabilization. After completion of baseline measurements, animals were ran domized to receive a 30-min infusion of 8 M lactic acid mixed with either 4 M NaCI (L + NaCl) or 5.5 M NaOH (L + NaOH). Nine piglets were studied in each group and the age and weight of the animals in both groups were comparable (8 ± 1 vs. 8 ± 1 days and 1.61 ± 0.12 vs. 1.54 ± 0.15 kg for the L + NaCI and L + NaOH infused animals, respectively). Each study consisted of 1 mmollkg . min of lactic acid infused for 10 min followed by 0.35 mmollkg . min infused for 20 min, ensuring that the quantity of lactic acid was similar between groups. The total infused volume also was identical for each group (5 mllkg). A 90-min postinfusion period followed. The molarity of NaCI and NaOH was determined in pre liminary studies to result in comparable changes in plasma osmolality. Inspired COz concentration was ad justed to maintain a constant PaCOZ during experiments.
Physiologic and metabolic variables were determined at the completion of the control period, at 30 min during the lactic acid infusion, and at 15 and 90 min following completion of the infusion. In a subset of animals (n = 5 for L + NaCI, n = 6 for L + NaOH), selected variables J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 (osmolality, lactic acid concentration, electrolytes) were determined following the first 10 min of the lactic acid infusion. CBF and cardiac output were determined by the radiolabeled microsphere technique as previously de scribed by Heymann et al. (1977) . For each measurement �8 x 105 microspheres suspended in 3.5 ml of dextran were injected into the left ventricle over 30 s and the catheter was flushed with 1.2 ml of isotonic saline. Starting prior to the microsphere injection, an arterial ref erence sample was withdrawn from the axillary arterial and abdominal aortic catheters into counting vials under oil at a rate of 1.03 mllmin for 2 min with a Harvard pump. Immediately prior to each microsphere injection, blood was obtained for determination of cerebral arterio venous differences of pH, blood gases, O2 content, and plasma concentrations of lactic acid and glucose. Blood samples representative of cerebral venous blood were obtained from the catheter in the sagittal sinus since good agreement has been demonstrated between CBF mea sured using microspheres and arteriovenous differences of labeled iodoantipyrine using the sagittal sinus for venous samples (Wooten et aI., 1982) . Additional arterial blood was removed for measurement of hematocrit, plasma osmolality, and blood concentrations of sodium, potassium, and chloride. At each blood flow measure ment, 6.8 ml of blood was removed for blood analyses and the microsphere reference samples; this was replaced with packed red blood cells previously obtained from a donor piglet of the same litter and stored with acid-ci trate-dextrose anticoagulant.
Mean arterial blood pressure (MABP), sagittal sinus pressure, and heart rate were monitored throughout the experiment with Bell and Howell pressure transducers and recorded on a Beckman recorder. An Instrumenta tion Laboratory micro blood gas analyzer was used to measure pH, Po2, and Pco2; a Lex-02-Con (Woodland Associates, Reutham, MA, U.S.A.) was used to deter mine O2 content. Lactic acid concentrations were deter mined on 200 f.d plasma after deproteinization with 8% perchloric acid. An enzymatic assay was employed (Sigma Chemical Co., St. Louis, MO, U.S.A.). Glucose determinations were performed on 50 f.J.,l plasma after de polarization with 2% perchloric acid using a glucose oxi dase enzymatic method (Sigma). Plasma osmolality was measured by an Advanced Instruments osmometer, and an Instrumentation Laboratory spectrophotometer was used to determine plasma sodium and potassium concen tration. Plasma chloride concentration was measured with a Buchler Instruments chloridometer.
To determine the effects of acute surgical instrumenta tion on selected physiologic and metabolic variables and to assess the effects of repetitive measures of CBF, 5 piglets (8 ± 1 days and 1.61 ± 0.21 kg) exclusive of the 18 animals described above were studied. These animals underwent a similar operative procedure and stabilization period, and were followed over a time interval identical to the experimental protocol above but without lactic acid infusions. All five piglets had serial determinations of arterial osmolality, hematocrit, blood gases, pH, and plasma concentrations of lactic acid, glucose, and elec trolytes at time intervals corresponding to measurements made in the two experimental groups. In three of the five piglets, CBF was measured at time intervals similar to the experimental protocol.
At study completion the piglets were killed and cath eter placement verified. Internal organs and samples of skeletal muscle were removed, cut into sections, and the wet weight of each section determined. All organs and blood reference samples were counted in a Packard three-channel auto-gamma spectrometer (model 5386). Organ blood flow was computed by the following; organ blood flow (mllmin) = organ tissue cpm --------x withdrawal rate (mllmin) reference sample cpm
All samples of tissue (except for adrenals) and reference samples contained >400 microspheres. The reference sample counts per minute (CPM) represents the average of the counts per minute from e . .:! two arterial reference samples. Data are expressed as milliliters per minute per 100 g. By the Fick principle, cerebral uptake of O2, lactic acid, and glucose was equivalent to the product of CBF and the cerebral arteriovenous difference of O2 content, lactic acid, and glucose, respectively. Statistical analysis was performed with a two-way anal ysis of variance with repeated measures (SAS Statistical Package) to compare blood flows and physiologic, meta bolic, and calculated variables between groups. Signifi cant interactions were localized by a Newman-Keul mul tiple comparison procedure. Linear regression analysis and a one-way analysis of variance with repeated mea sures were also utilized. Statistical significance was des ignated at a level of p < 0.05. Values reported are means and 1 SEW
RESULTS
At control there were no differences between groups in all measured or calculated variables ex cept for hematocrit. Infusions of 1 mmollkg . min lactic acid increased plasma lactic acid concentra tions after 10 min to comparable values in both groups ( Fig. 1) and were maintained at similar con centrations during the 20-min lactic acid infusion (0.35 mmollkg . min), indicating a steady state. A small but significant difference in arterial lactic acid concentration was present at the completion of the lactic acid infusion (13.4 vs. 14.9 mM for L + NaCI and L + NaOH infused animals, respectively; p < 0.05). Discontinuation of the infusion was followed by a rapid fall in arterial lactic acid concentrations within 15 min and the small, significant intergroup difference persisted (8.6 vs. 10.4 mM for L + NaCI and L + NaOH infused animals, respectively; p < 0.05). At 90 min postinfusion, arterial lactic acid concentrations were similar between groups and comparable with control. Cerebral arteriovenous differences of lactic acid were negligible at control (0.34 ± 0.31 and 0.24 ± 0.26 mM for L + NaCI and L + NaOH infused animals, respectively), widened at the completion and 15 min following the infusion (0.71 ± 0.15 and 0.62 ± 0.16 mMfor L + NaCl, 0.58 ± 0.17 and 0.47 ± 0.14 mM for L + NaOH, respectively; p < 0.05 vs. control), and were similar to control values in both groups 90 min -. , postinfusion. The infusion of L + NaCL resulted in changes in pHa inversely related to changes in arte rial lactic acid concentration. In contrast, L + NaOH resulted in a significant elevation of pHa that persisted throughout the study. At each sampling interval PaC02 remained unchanged and Pao2 was >100 mm Hg. Lactic acid infusions whether mixed with NaCI or NaOH were associated with similar increases in cardiac output (Fig. 2) at 30 min of infusion and de creased but remained above control in both groups 15 min following the infusion. Cardiac output re- Values are x ± SE .• p < 0.05 vs. control.
turned to control levels 90 min postinfusion. These alterations in cardiac output were accompanied by reductions in systemic vascular resistance in both groups, reflecting larger increases in cardiac output relative to changes in MABP, which was observed to rise (p < 0.05) from 87 ± 3 to 104 ± 5 mm Hg and from 80 ± 4 to 91 ± 5 mm Hg for L + NaCI and L + NaOH during control and lactic acid infu sions, respectively. Subsequently MABP declined to baseline values. The increase in cardiac output also was associated with a parallel rise in CBF at the completion of lactic acid infusions and re-
mained elevated postinfusion; however, there was no difference in CBF between groups. In both groups blood flow to other organs and skeletal muscle (Table 1) predominantly increased during infusions of lactic acid and returned to control values by 90 min postinfusion. Other than CBF, only heart and pancreas blood flow differed from control 90 min postinfusion. As anticipated, the lactic acid solutions resulted in comparable changes in plasma osmolality (Table  2) , which rose by 15% during the infusion in both groups and persisted at elevated values throughout the study. Also, as expected, changes in plasma so dium and chloride concentration were not equiva lent between groups. Although parallel increases in sodium concentration (Table 2 ) occurred in both groups during the lactic acid infusion and remained elevated during the postinfusion period, the in crease during and after the infusion was greater in the L + NaOH than the L + NaCI infused piglets. At control hematocrit differed between goups, al though postnatal ages were similar and treatment exposure (L + NaCI or L + NaOH) to piglets within a single litter was alternated. In spite of dif ferences in the initial hematocrit, lactic acid infu sions were associated with reductions in hematocrit in both groups; although values increased by 90 min postinfusion, they remained less than control. No evidence of hemolysis was noted during or fol lowing lactic acid infusions.
Cerebral O2 uptake (Table 3) rose comparably in both groups of animals with infusions of lactic acid and remained elevated for the duration of the study. In spite of the small but significant differences in arterial lactic acid concentration between groups, no differences were observed in cerebral lactic acid uptake. In both groups cerebral lactic acid uptake (Table 3) was increased upon completion of infu sion, and at 15 min post infusion, a pattern similar to alterations in cerebral lactic acid delivery (data not shown). No alterations occurred in either group with respect to cerebral glucose uptake (Table 3) . In each experimental group, CBF was linearly corre lated with cerebral O2 uptake (Fig. 3) (r = 0.87, p < 0.001 and r = 0.80, P < 0.001 for L + NaCI and L + NaOH, respectively). Additionally, the regres sion lines for each group had similar slopes and in tercepts. Correlations between CBF and cerebral uptake of lactic acid for L + NaCI and L + NaOH infused piglets (r = 0.33, p < 0.05 and r = 0.46, P < 0.01, respectively) or cerebral uptake of glucose (r = 0.42, p < 0.025 and r = 0.41, p < 0.025, re spectively) revealed weaker correlations.
In the five piglets studied to determine the effects of acute instrumentation, MABP, heart rate, arte-TABLE 1. The effects of lactic acid with either NaCI (L + NaCl) or NaOH (L + NaOH) on organ blood flow Values are means ± SE; expressed as ml/min . 100 g. rial blood gases and pH, osmolality, CBF, and plasma concentrations of sodium, chloride, and glucose were similar to the control values of both experimental groups and remained unchanged over a time interval equivalent to the study protocol. Ar terial lactic acid �oncentrations at the four sampling intervals of the study were 1.52 ± 0. 38, 1. 34 ± 0.30, 1. 27 ± 0. 24, and 1.18 ± 0. 23 mM. Owing to the small numbers and interanimal variability, no differences in lactic acid concentrations were present although there appears to be a downward trend.
DISCUSSION
In the present investigation we have demon strated that alterations in arterial pH induced by in fusions of lactic acid do not mediate observed changes in CBF. Other investigators examining the effects of reduced arterial pH induced by lactic acid TABLE 2. The effects of lactic acid with either NaCI (L + NaCl) or NaOH (L + NaOH) on plasma osmolality, sodium concentration, chloride concentration, and hematocrit
Hematocrit (%) The effects of lactic acid with either NaCl (L + NaCl) or NaOH (L + NaOH) on cerebral uptake of O2, lactic acid, and glucose
Cerebral lactic acid upake (mmol/min . 100 g)
Cerebral glucose uptake (mmol/min . 100 g)
Values are means ± SE. a p < 0.05 vs. control. To control for the variables that might be altered by infusions of lactic acid, we utilized two solu tions, mixing lactic acid with either NaCI or NaOH.
This allowed study of two different ranges of arte rial pH, but also ensured comparable perturbations 
Cerebral 0 2 Uptake (ml / min '100g)
FIG. 3.
Relationship between CBF and cerebral O2 uptake for piglets infused with lactic acid and NaCI (filled circles) or NaOH (open circles); n = 36 for each group. The relation ship for each group is described by a linear regression: y = 24.6 + 15.3x, r = 0.87, P < 0.001 for lactic acid plus NaCI infused piglets and y = -0.9 + 16.8x, r = 0.80, P < 0.001 for lactic acid plus NaOH infused piglets. Specifically, reductions in osmolality caused con striction, whereas increases caused vasodilation.
The mechanism of these osmolar effects on cere In other investigations of lactic acid infusions and CBF (Harper and Bell, 1963; Bucciarelli and Eitzman, 1979; Hermansen et al.� 1984; Powell et al., 1985) experimental design and animal model may contribute to differences in results with our studies. All of the prior reports used mechanically ventilated animals as opposed to conscious, sponta neously breathing piglets in the present investiga tion. In puppies (Hermansen et al., 1984; Powell et al., 1985) and neonatal goats (Bucciarelli and Eitzman, 1979) , the amount and rate of lactic acid administered were less than those used in the present study and peak lactic acid concentrations achieved [9.2 mM (Powell et aI., 1985) ] were sub stantially lower than our data. Thus, a greater os molar load was infused into piglets and presumably attainment of higher brain tissue levels of lactic acid occurred since lactic acid readily crosses the blood-brain barrier in the neonatal period (Hellman et al., 1982) . In adult dogs the amount and rate of lactic acid administered are not re ported, although an arterial pH of <7.00 was achieved (Harper and Bell, 1%3) . Our experimental design provided for CBF determinations during steady states of hyperlactatemia. It does not appear that CBF determinations were performed during steady-state hyperlactatemia in three prior studies (Harper and Bell, 1963; Bucciarelli and Eitzman, 1979; Powell et aI., 1985) , but CBF was measured after 1 h of metabolic acidosis in puppies (Her mansen et aI., 1984) . Beck et aI., 1984) . Although CBF and cerebral O2 uptake are correlated (Fig. 3) , suggesting preservation of a blood flow-metabolism couple (Reivich, 1974) was supported by funds from the Te xas Affiliate and Na tional Chapter of the American Heart Association.
